The aim of this study is to evaluate the volume differences between contrast-enhanced CT-based left ventricle (LV) and PET-CT-based LV and assess the impact of dose on the substructure volume differences in patients with left breast cancer treated with adjuvant radiotherapy. From October 2008 to February 2009, 14 patients with post-operatively confirmed left breast cancer were enrolled in the current study. The patients were scanned using contrastenhanced CT for simulation, and 18 F-FDG PET-CT was employed to display the structure of the left ventricle of each before radiotherapy (RT). The LV was delineated based on both contrast-enhanced CT and PET-CT. And other substructures, such as the left anterior descending coronary artery (LAD), were contoured in each patient, with the six-field simple intensity modulated radiotherapy (sIMRT) technique created for all. The mean volumes of the left ventricle based on contrast-enhanced CT (LV-CT) and PET-CT (LV-PET) were found to be 107.296 cm 3 and 112.931 cm 3 , respectively (p 5 0.06). The volume of LV receiving 50% prescription dose was significantly correlated with the volume of the heart receiving the same dosage (γ 5 0.869). There was less correlation between the volume of LAD and that of the heart under the same condition (γ 5 0.22). As a conclusion, the left ventricle can be delineated effectively based on the image of PET-CT, the contrast-enhanced CT based LV can serve as an appropriate alternative. Moreover, the volume of LV receiving high dose in RT closely correlated with the volume of the heart using sIMRT technique, which may pave the way for further exploring radiation-induced cardiac injuries in patients with left breast cancer.
Introduction
It has been well established that radiation therapy (RT) reduces local-regional recurrence after lumpectomy or mastectomy in patients with breast cancer (1) (2) (3) (4) . Despite the benefits of local control have been well documented, some earlier trials showed that the patient survival was compromised. It has been hypothesized that the reduction in survival, especially in patients with tumors in the left breast, was at least partly due to RT-induced heart disease (5-9).
Damage to cardiac micro-and macro-vasculature is the pathophysiological cause of RT-induced heart disease (10, 11) . Cardiac microvascular and macrovascular injuries are likely synergistic. The presence of RT-induced microvascular injury may increase the likelihood of subsequent macrovascular events that are clinically significant. Fajardo and Stewart conducted a series of animal and clinical studies on the radiosensitivity of the heart and found that the organ was radiation-sensitive with maximum tolerance dose of 40 Gy with a fractional dose of 2 Gy (12, 13) . Using the conventional tangential fields for the left breast irradiation, the key substructures of the heart, LV and LAD can receive substantially high doses, even only a small part is involved in the radiation fields. Since ischemic conditions are a major concern in the clinical application, the dose to relevant substructures such as the left ventricle and coronary arteries is important (14) . Therefore, it is imperative that quantitative and qualitative researches on the heart with key substructures are conducted to get better understanding on the relationship between radiation dose and heart injury.
The determination and delineation of the clinically relevant substructures of the heart, however, is challenging because of imprecise structure definitions in the clinical treatment. Previous studies have conducted perfusion imaging of the left ventricle acquired by single photon emission computer tomography (SPECT) for left breast cancer patients treated with RT and found new treatment-related left ventricular perfusion defects after . The 18 F-FDG PET-CT and the contrastenhanced CT imaging can be employed to determine the anatomy of the left ventricle as well. The former was defined as a functional myocardial imaging, which was similar to the SPECT and capable of visualizing the anatomical structures in the LV; the latter was inferior to show the ventricular wall because of the edge effect, which led to an arbitrary location of the medial wall of myocardium. Another disadvantage of the contrast-enhanced CT imaging was the different contrast agent concentrations in the ventricle caused by different imaging time after an injection. It is well known that a higher concentration of contrast agent contributes to a clearer boundary of the cardiac wall. Hence, we designed the current study to better understand the differences in volume between the PET-CT-based LV and contrast-enhanced CT-based LV, and to explore the relationship between radiation dose and volume in the heart and key substructures such as the left ventricle and LAD using the PET-CT images for breast cancer patients after adjuvant radiotherapy.
Materials and Methods

Patients
From October 2008 to February 2009, as a pilot study, 14 patients with pathologically confirmed primary left breast cancer were enrolled after giving written informed consent. This study was approved by the local ethical committee. Patients with a history of coronary heart disease, myocarditis, congestive heart failure were excluded from the study. Echocardiography was employed to assess the parameters of left ventricular morphology and functioning in patients with a plan to receive radiotherapy according to the Diagnosis and Treatment Consensus for Breast Multi-Disciplinary Team of Fudan University Cancer Center. A normal LV ejection fraction of 50%-75% was required in all patients before enrollment or treatment.
Clinicopathologic data included age at diagnosis, preoperative treatment, surgical type and radiation target area. Ages ranged from 33 to 67 years (median, 44 years). Neoadjuvant chemotherapy had been applied in 4 patients with histological confirmation (core needle biopsy) of large operable (T  3 cm and N0-1) or locally advanced breast cancer and the protocol was published elsewhere (19) . All patients received four cycles of paclitaxel (Taxol; Bristol-Myers Squibb Company, NJ) 80 mg/m 2 in a 1-h infusion immediately followed by carboplatin at an area under the curve (AUC) of 2 mg min/ml in a 30-min infusion given on days 1, 8 and 15 of a 28-day cycle, then underwent surgery within 4 weeks from the last scheduled chemotherapy cycle. Twelve patients (85.7%) underwent modified radical mastectomy (MRM) and two (14.3%) received breast conserving surgery (BCS). The definition of CTV for postoperative RT target area referred to ASCO and NCCN Breast Cancer Treatment Guidelines (2009 Edition) . For a tumor in the central area and medial side, the target area after MRM covered the chest wall, ipsilateral IMN and supraclavicular lymph node drainage area, otherwise the target area followed the guidelines for the sake of convenient reference.
The enrolled patients were scheduled to receive contrastenhanced CT scan and PET-CT left ventricular myocardial scanning followed by the adjuvant radiotherapy.
Contrast-Enhanced CT Scan
All patients were immobilized using a Med-Tec 350 breast board (Med-Tech Corporation, Orange, IA, USA) with both arms raised fully upward and abducted. CT images were acquired with 8-mm-thickness from the thyroid cartilage to the costophrenic angles using a Philips big bore CT scanner (Philips Medical, Fitchburg, WI, USA). An injection of enhanced-contrast agent was performed when scanning. All images were exported to Pinnacle treatment planning system (Pinnacle3 version 7.6, Philips Radiation Oncology Systems, Andover, MA) for target and normal tissue delineations.
Delineation of Target Area and Normal Tissues
The delineation of clinical target volume (CTV) after MRM and BCS referred to the guidelines recommended by RTOG expert panel consensus (20) (Table I) . According to the combined delineation guidelines of IMN (RTOG, Duke University, the University of Michigan) (21-23), the CTV for IMN drainage area was defined from the upper edge of the first rib to that of the fourth one. The center of internal mammary vessels was chosen as a basis point with a margin of 10 mm as a CTV of IMN. A mixture of photon and electron beams was applied to the treatment of supraclavicular region.
Heart delineation was initiated from the level of pulmonary artery root, including pulmonary artery root, ascending aorta, right atrium, left atrial, both left and right ventricles and mediastinal fat in mediastinal window of CT image.
CT and 18 F-FDG PET-CT images as alternative approaches were used to contour the left ventricle in all patients. The delineated left ventricle under contrast-enhanced simulation CT was defined as the LV-CT. The alternative method was the registration of 18 F-FDG PET-CT left ventricle myocardial scans onto CT contrast-enhanced scans to delineate the left ventricle. The delineated left ventricle based on the PET-CT was defined as LV-PET, as indicated in the flow chart of fusion process of PET-CT image and contrasted CT image (Figure 1 ).
PET-CT Left Ventricular Myocardial Scanning
After 4-6 hours of fasting time, the blood glucose level of each patient, as measured before an injection of 18 F-FDG, was required to be 8  10 mmol/L. Then the 18 F-FDG PET-CT scan was performed on the left ventricle before radiotherapy using a SIEMENS Biography 16 HR PET/CT (Siemens Medical Solutions USA, Inc.).
The scan was performed following an intravenous injection of 18 F-FDG (7.4 MBq/kg) and as approximately 60-minute rest. The details of the PET-CT scanning were as follows: (1) CT: 120 KV, 150  180 mA with automatic adjustment by caredose software, 5 mm for layer thickness and layer space.
(2) PET: 3-dimensional mode acquisition, 1-bed position covering the whole heart, acquisition time 6 minutes.
The maximal and average standardized uptake value (SUV) of the left ventricle were automatically measured using regions of interest (ROI) method and the wall thickness, boundary and delineation of the left ventricle were determined on the TRUE D software (Siemens software packages, Siemens Medical Solutions USA, Inc.).
The ranges of the left ventricle's myocardial signals were acquired in PET-CT images with the different SUV thresholds. When the SUV threshold was set as 40% of the maximal SUV, the most visible image of the left ventricle on transverse, coronal and sagittal views was observed, where the left ventricle was automatically delineated by TRUE D software ( Figure 2 ).
Fusion of PET-CT and CT Contrast-Enhanced Image
All PET-CT images were exported from the TRUE D system and imported in the Pinnacle treatment planning system.
PET-CT images of the left ventricle were registered onto CT contrast-enhanced image in the axial, coronal and sagittal projections by combining the automatic registration tool and fine manual adjustments (Figure 3) .
LV Target Area of PET-CT Replicated to Contrast-Enhanced CT
After registration, the LV-PET was mapped to the planned CT images.
Delineation of LAD: CT contrast-enhanced image clearly showed the location of LAD, which traveled along the anterior interventricular groove of the heart. LAD-PRV (planning organ at risk volume) was acquired by creating a cylinder with LAD at the center, with the radius of 10 mm and the height of 4.5 cm, as previously reported (24). Figure 4A shows the example of LAD.
Radiation Treatment Planning
Simple intensity modulation radiotherapy (sIMRT) technique was applied to the consequent treatment as planned ( Figure  4B ). This inverse planning technique used 6 beams with maximum segments of 35. For each segment, the minimum area was 10 cm 2 and minimum monitor units (MUs) were Dose prescription was 50 Gy with 2 Gy/fx. The final dose distributions met the following constrains: more than 95% dose covered the entire CTV, less than 30% heart volume received doses of 15 Gy and less than 30% of ipsilateral lung received 20 Gy (V20).
Statistical Analysis
All statistical tests were done in SPSS 16.0 and graphics were created with Graphpad Prism 5 in this study. The datasets were described with statistical parameters of median, range, mean, and standard error for continuous variables and of frequency for category variables. Paired t-test was used to test the difference of the volumes of LV delineated based on CT (LV-CT) and PET-CT (LV-PET) for patients. Pearson correlation and linear regression model was applied for analyzing the linear relationships between two continuous variables. The significant level of 0.05 was adopted.
Results
Comparison of LV Volume Based on CT Contrast Image and PET-CT Image
The volumes LV-CT and LV-PET for 14 patients were measured and compared. The mean volumes of the left ventricle based on contrast-enhanced CT (LV-CT) and PET-CT (LV-PET) were found to be 107.296 cm 3 and 112.931 cm 3 , respectively (p 5 0.06). The agreement between the two volumes was statistically significant, as shown in the Figure 5 . The volume of the normal tissues, which had received 50% prescription dose and its percentage in the total volume of the heart, LV-PET and LAD-PRV were displayed in the Table II .
Regression analysis was applied to analyze the relationships amongst these parameters. The Pearson correlation coefficient was 0.869 which demonstrated that V 25 Gy (Heart) was correlated well with V 25 Gy (LV-PET) with a positive linear correlation (p , 0.001). Using the linear regression analysis for curve fitting, the regression equation was: y 5 3.963 1 1.334 x [1] where y was V 25 Gy (LV-PET) and x was V 25 Gy (Heart).
The percentage of heart volume receiving 50% prescription dose had no significant correlation with that of the corresponding LAD-PRV (Pearson correlation coefficient 0.22 and p 5 0.44). The linear relations among the percentage volumes of the heart, LV-PET and LAD, which received 50% prescription dose, respectively, were observed ( Figure 6 ).
Discussion and Conclusion
Previous investigations have reported that long-term cardiovascular injuries occurred after RT in patients with left breast cancer would compromise the overall survival rate (7, 11, 25) . Although mechanisms of cardiac injury after RT are partially understood, there are still uncertainties toward understanding of the damage such as the presence of various radiosensitive ªVIF: Volume in the field, volume receiving 50% prescription dose and its percentage in total volume. structures and their topographic heterogeneity, lack of sensitive laboratory or imaging techniques to detect the early-stage cardiac injury and to determine the most important function region with RT-induced toxicities. Therefore, the precise cardiac structure delineation is a key point for the interests of better investigating RT induced cardiac injury, in terms of which part of the heart is most radiosensitive and should be chosen as a reference point for tolerance doses. The purpose of this study was to delineate cardiac substructures in a way different from those reported. Krauss et al. used MRI ECG gating method to perform cardiac MRI scan on patients with left breast cancer after RT and to investigate the differences of the irradiated volume of heart and left ventricle with and without active breathing control (ABC). The study concluded that the exposed volume of the left ventricle was effectively reduced for the patient treated with ABC technique (26). Also, SPECT is commonly used in determining the anatomy of the left ventricle. A serial of studies have confirmed that the SPECT myocardial imaging illustrated both anatomy and myocardial perfusion of the left ventricle (27) (28) (29) (30) . Marks et al. found that the ratio of new myocardial perfusion defects 6 months to 2 years after RT was 50%-63% and the radiation volume of the left ventricle was closely related to the incidence of myocardial perfusion defects (15, 16 ).
In the current study, two different imaging methods were employed to determine the anatomy of the left ventricle. With limited cases, significant match in the volume of LV was found between the contrast-enhanced CT scan and PET-CT. The 18 F-FDG PET-CT left ventricular myocardial perfusion imaging had been rarely applied to determine the left ventricular anatomy in routine research and clinical approach because of the time consumingness and the cost. The preliminary result of this study confirmed the contrast-enhanced CT scanning as an alternative in determining the anatomy of LV.
Similarly, the anatomy of LAD can be clearly discerned by contrast-enhanced CT. Taylor et al. used a similar method for the LAD delineation and found that the LAD received the highest radiation dose in all cardiac structures (31). Epidemiological data also illustrated that the lesion of LAD accounted for 40%-50% in total coronary atherosclerosis, while that of the right coronary for 30%-40% and the circumflex branch of the left coronary artery for 15%-20%. These results suggest that the LAD is more susceptible to injury than other coronary arteries. Therefore, the susceptibility and severity of injury can be aggravated if the LAD received a higher dose.
From 14 cases, we found that the volume of the heart in the field closely correlated with that of the left ventricle, which suggested that if the heart volume receiving more than 50% of the prescription dose (25 Gy, V 25 ) is known, then a linear equation can be applied to the evaluation of a high volume in LV accordingly.
The study showed that heart volume in the field produced no significant correlation with LAD-PRV volume, a finding probably ascribable to almost the same anatomical location of LAD (in anterior interventricular groove) and relatively the constant volume of blood vessels (no significant relation with the heart size). The image of LV derived from PET-CT may have potential values to reflect function and metabolism changes of the LV after radiotherapy. It would be interesting to repeat the images and compare the functional changes by different time scales. In the current study we did not observe such functional results.
From this pilot study, in order to quantitatively and precisely analyze the dose-volume relationship of the substructures of the heart, appropriate radiological implements such as contrast-enhanced CT simulation or PET-CT are warranted.
Although it is more often that the non-contrast CT simulation has been used in routine clinical application, at least the volume of the left ventricle in high dose areas can be deduced from the regression equation by calculating the volume of the heart being irradiated.
In this study, the heart and substructures of 14 left breast cancer patients after radiotherapy were examined for dosevolume relationship. The left ventricular anatomy was delineated based on the metabolic PET-CT imaging. Compared to the PET-CT, the contrast-enhanced CT scan was verified as a valuable approach to the display of the left ventricular anatomy. Under the inverse planning of sIMRT technique, the dosevolume relationships of heart and substructures were examined and determined, which provided a reliable basis for further quantitative investigations on radiation-induced injuries to the heart and its substructures.
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